study question: Is it possible to evaluate first trimester brain ventricle development in human pregnancies using an innovative virtual reality (VR) application and to analyze the relation of the embryonic volume (EV) and brain ventricle fluid volume (BVFV) with gestational age (GA), crown-rump length (CRL) and the Carnegie stage? summary answer: Volumetry and staging of the human embryo using a VR application make it possible to obtain unique information about in-vivo embryonic normal and abnormal development and about the sizes of the ventricles and body.
Introduction
Evaluating embryonic and fetal health during and at the end of the first trimester will become more and more important as a quality control in reproductive medicine. Innovative ultrasonographic reference data are essential for early in-vivo detection of abnormal development, structural defects and associated chromosomal abnormalities. Monitoring brain development during the first trimester of pregnancy is difficult because of a complex and rapidly changing anatomy. The introduction of transvaginal ultrasonography has contributed to some observational studies on brain development in the embryonic period (Blaas et al., 1994 (Blaas et al., , 1995a . New insights into primitive brain ventricle appearance along a developmental timeline will enable early detection of cerebral pathology (Blaas et al., 2000; Timor-Tritsch et al., 2008) .
The development of the embryonic brain can be visualized by measuring the volume of the brain ventricles (Blaas et al., 1995a (Blaas et al., , 1998 Kim et al., 2008) . However, the methods involved either are timeconsuming due to manual segmentation or do not allow quantification of the volume.
In 2005, the department of Bioinformatics at Erasmus University Medical Center introduced a Barco I-Space virtual reality (VR) system. With this system, a three-dimensional (3D) ultrasound dataset is presented as a free floating 'hologram' that allows the study of the morphology of the embryo in detail (VerwoerdDikkeboom et al., 2008a) . In VR, several length measurements can be performed (Verwoerd-Dikkeboom et al., 2008b . Instant and semi-automated volume measurements can be performed on different embryonic structures, such as the brain ventricles, or on the total body (Rousian et al., , 2010 . Because this tool enables the user to visualize and quantify the brain ventricles, this aids with in-vivo staging of embryos based on both internal and external morphological characteristics Muller, 1987, 2010) . With the development of a low-budget desktop 3D VR system running on a personal computer, the new technique will become available for routine clinical use within the near future.
The aim of this study was to evaluate the embryonic development of the brain ventricles and Carnegie stages and to measure the crownrump length (CRL) and embryonic volume (EV) in uncomplicated first trimester pregnancies using VR, to obtain a baseline for use in future research on abnormal brain development. A secondary aim was to study the predictive value of the first trimester CRL and embryonic body volume measurements on the outcome of pregnancy in terms of birthweight.
Materials and Methods

Patients
We recruited 141 volunteering pregnant women. These women were recruited via the Department of Obstetrics and Gynaecology at the Erasmus University Medical Center Rotterdam in The Netherlands. A small proportion (around 20%) of women were recruited from outside the university hospital, but still from the same area. All women gave written informed consent, and the regional committee for medical ethics approved the study.
After giving birth, data about the outcomes of pregnancy were collected. From the 141 women who participated in the study, a total of 29 patients were excluded because of multiple gestation, fetal complications or personal reasons. Of these, 3 carried a twin or triplet pregnancy, 16 had a first trimester miscarriage, 2 experienced an intrauterine fetal death, 3 carried a child with a structural congenital anomaly and 2 were diagnosed with a trisomy 21 pregnancy. Additionally, one patient discontinued the study because of her religious background and two discontinued because they were unable to participate in our research on a weekly basis.
The remaining 112 volunteers were scanned weekly from 6 to 7 weeks until 12 weeks of gestational age (GA). GA was calculated from the first day of the last menstrual period (LMP). In case of an unknown LMP or a discrepancy of a week or more, GA was determined using the CRL measurements performed in the first trimester [The American College of Obstetricians and Gynecologists (2009); ACOG practice bulletin nr. 101]. The CRL measurements performed in this study are the greatest length of the embryo and early fetus. For the IVF/ICSI pregnancies, the GA was based on the date of oocyte retrieval.
A total of 696 3D ultrasound scans were performed in these 112 women, although no specific attempt to capture the brain was made. When the brain ventricle fluid volumes (BVFVs) were measured, a selection was made by excluding images that lacked contrast or lacked parts of the brain cavities of the embryo due to shadowing or an unfavorable position of the embryo. Another reason for excluding images was movement artifacts. Before performing EV measurements, scans that lacked contrast or parts of the embryo were excluded.
In six women, GA adjustments were made due to a discrepancy of the CRL of seven gestational days or more. These women were excluded when evaluating various parameters in relation to GA.
Ultrasound equipment
The ultrasound examinations were performed using a 4.5 -11.9 MHz vaginal probe of the GE Voluson E8 (GE, Zipf, Austria) by two different examiners. The scans were evaluated off-line using specialized 3D software (4D View, version 7.0, GE Medical Systems), and the included scans were stored as Cartesian volumes that were later transferred and visualized using the BARCO I-Space of the Department of Bioinformatics.
Figure 2 I-Space holograms of four different embryos are displayed. Especially, the development of the limbs and the curvature of the embryo are used as external morphological criteria when the embryos were staged. These I-Space holograms are displayed as 2D images and cannot capture the 3D aspect of the I-Space system.
First trimester brain ventricle fluid and embryonic volumes
Length and volume measurements
The I-Space is a so-called four-walled CAVE Automatic Virtual Environment (Cruz-Neira et al., 1993) . A special volume rendering application called V-Scope was written to create an interactive hologram of the ultrasound image . This hologram can be manipulated by means of a virtual pointer that is controlled by a wireless joystick. Two different integrated functions were used in our study: the length measuring tool and the volume measuring tool. As described in detail by VerwoerdDikkeboom et al. (2008b) , a trace application makes it possible to measure the lengths of the structures of interest. This tool was used to measure the CRL of the serially scanned embryos (O'Rahilly and Muller, 2000) . The volume measuring tool is based on a region-growing approach . The algorithm has been modified to handle the speckles in ultrasound data by simplifying some of the parameters of the original algorithm and smoothing the gray-level data. The user selects an upper and lower gray-level threshold and an upper threshold for the standard deviation (SD) of the voxel's neighborhood. A seed point is placed, and the algorithm grows the region starting from the seed point. The SD threshold stops the region growing when it reaches a tissue interface. Post-processing tools are available to correct for incomplete segmentations. The user can manually grow or shrink the segmented region, and a spherical, freehand 'paint brush' can be used to add voxels to, or to delete voxels from the segmented structure when necessary. The reliability and accuracy of the volume measuring tool have been proven in both in-vivo and in-vitro settings. Embryonic body, yolk sac and phantom volumes were measured in these studies, including both regular and irregular shaped structures (Rousian et al., , 2010 . We used this tool to establish the embryonic BVFV (see Fig. 1 ) and the embryonic body. To measure the BVFV, the hypoechoic structures have to be segmented. To determine the EV, the hyperechoic structures of the embryo have to be segmented as well (Rousian et al., 2010) . Before the EV is measured, the embryonic insertion of the umbilical cord and its connections with the placenta have to be 'brushed' away with the eraser function to avoid segmentation of other parts than the whole body.
All BVFV and CRL measurements were performed three times, and mean values of these three assessments were used for the analysis.
The duration of an off-line V-Scope BVFV measurement was approximately 1 min (Supplementary data Movie S1). The duration of an EV measurement ranged between 5 and 10 min. Given the time required and the very good inter-observer variability score obtained in our previous study, only one-third of all EV measurements were performed three times.
Embryonic staging
The embryos were staged based on their internal and external morphological characteristics using the Carnegie criteria Muller, 1987, 2010) . The Carnegie system is based on 23 stages covering the first 8 post-fertilizational weeks of development (O'Rahilly and Muller, 2010) . Embryonic staging is, therefore, only possible up to gestational week 10 + 1 of pregnancy and generally takes minutes to perform. Verwoerd-Dikkeboom et al. (2008a) staged the embryos in VR using only the limb development criteria. In our study, both external and internal morphological criteria were used. As external morphological characteristics, the Carnegie criteria for the limb development and curvature of the developing embryo were used (see Fig. 2 ). For the internal morphological development, the criteria for the brain ventricle development were primarily used.
Statistical analysis
Data analysis was performed using SPSS (SPSS Release 17.0 for Windows) and SAS PROC MIXED (release 9.2; SAS Institute Inc, Cary, NC, USA).
To analyze the longitudinal measurements, we used repeated measures ANOVA (random coefficient models).
To analyze the relation between the BVFV and the CRL or GA, or between the EV and the Carnegie stage, we used the equation: Log 2 (BVFV or EV) ¼ a + b × log 2 (CRL or GA or stage) because the logarithmic transformation of both axes results in an approximate linear relationship. For the relationship between the EV and the GA or CRL, we used the equation: Log 2 (EV) ¼ a + b × log 2 (CRL or GA) + c × log 2 (CRL or GA) 2 . The following equation was used for the analysis of the relation between the BVFV or CRL and the Carnegie stage: (brain ventricle volume or CRL) ¼ a + b × stage. Finally, a linear relationship fitted best when the GA was related to the Carnegie stage:
In the charts relating the GA or CRL to the Carnegie stage, the range (minimum and maximum values) of the GA and CRL according to O'Rahilly and Muller (2010) were plotted.
When the parameters were related to the GA, the six patients with unreliable GA according to the CRL measurements performed in the first trimester were excluded.
The birthweight SD score (SDS) of the study population was measured using the formulae of a large birth cohort, the Generation R study (MookKanamori et al., 2010) . The calculated SDSs are adjusted for gender and for GA at birth. The correlation between the birthweight SDS with the first trimester CRL or EV was measured with linear regression analysis.
Finally, P ¼ 0.05 (two sided) was considered the limit of significance.
Results
Data from a total group of 112 women were evaluated. ). The embryos were staged until 10 + 1 weeks GA. Between 6 + 0 and 10 + 1 weeks GA, 405 scans (median per patient: 4; range: 1-5) were performed, and staging was possible in 299 (73.8%) scans (median 19; range: 12-23). Table II shows the total number of CRL, EV, BVFV and Carnegie staging scans per gestational week. The total number of datasets used and the total number of measurements performed are also shown. Fig. 3 shows the relation between the EV and the GA or CRL. The relation between the brain ventricle volume and the GA or CRL is shown in Fig. 4. Fig. 5 illustrates the relation between the EV or brain ventricle volume and the Carnegie stage.
The Carnegie stages are related to the GA and CRL, as shown in Fig. 6 . The original data from O' Rahilly and Muller (2010) are also plotted in these graphs (red boxes). A better fit is observed when the Carnegie stage is related to the CRL. The GA has a wider range, but still fits well. Especially in Carnegie stage 22 and 23 embryos, the CRL measured in the I-Space is larger in comparison to the CRL measured by O'Rahilly and Muller. Table III shows the formulae of the relations calculated in this study, with the corresponding variance.
The mean birthweight SDS was 0.05 and was normally distributed (P ¼ 0.57). Separate analysis of CRL and EV data for each week of gestation for their relation with birthweight SDS using regression analysis did not show a significant correlation (all r 2 , 0.033) for any week between 6 and 12 weeks' GA. Categorizing birthweight SDS into categories less than -1, -1 to +1 and greater than +1 also did not show differences between these groups for longitudinal profiles of CRL or EV along advancing GA.
Discussion
By measuring the BVFV automatically using transvaginal 3D ultrasound data in a VR application, we were able to systematically evaluate in-vivo , GA is measured in days and the CRL in mm. n represents the total number of data points on which the formulae are based. First trimester brain ventricle fluid and embryonic volumes first trimester brain ventricle development for the first time. In addition, we measured the CRL and EV and determined the Carnegie stage based on the internal and external morphological criteria. In various studies, Blaas et al. (Blaas et al., 1995a , Blaas et al., 1998 ) used specialized software to measure the size of the brain ventricles (including the choroid plexuses), outlining them by hand in different two-dimensional (2D) slices of the 3D image. In our own study, we measured the total fluid volume of the BVFV (excluding the choroid plexus). As the ventricle volume measurements are automated in the I-Space, any visible connection between the ventricles can be used as a medium through which the adjacent ventricle can be measured.
Post-processing, to obtain a correct and complete segmentation of the brain ventricles, was only necessary in a limited number of cases. Additionally, BVFV measurement usually takes less than 1 min, whereas measuring by manual segmentation is much more timeconsuming, and as a previous study on validation of VR volume measurements showed, also less precise .
To date, only Blaas et al. (Blaas et al., 1995a , Blaas et al., 1998 have succeeded in measuring embryonic brain ventricle volumes in a crosssectional setting using a specially developed annular array 3D transvaginal probe. They manually drew the contours of the ventricles in several parallel 2D slices of the 3D image, which was very timeconsuming. Two other 3D ultrasound visualization methods have been used to visualize the human embryonic brain ventricles semiautomatically (Timor-Tritsch et al., 2008; Pistorius et al., 2009) . These cross-sectional case studies followed the embryonic brain development in only a few patients. Although these studies showed an improvement of the visualization of the human embryonic brain ventricles, quantitative volume measurements were not made due to the small size of these structures. Enlarged brain cavities are important diagnostic markers for central nervous system disorders in early pregnancy (Matsunaga and Shiota, 1977; Becker et al., 2000; Blaas et al., 2000; Machado et al., 2005; Timor-Tritsch et al., 2008) . The reference charts constructed in this study provide accurate quantitative information and may help to differentiate between normal and abnormal early embryonic development.
In contrast with regular 3D ultrasound, where the 3D image is evaluated on 2D media (screen or on paper), the I-Space allows us to use the third dimension of the 3D ultrasound image to its fullest extent and provides a better impression of the developing embryo. As this is essential for in-vivo staging according to the classical Carnegie stage system, it provides us with unique information about the state of development that, together with age and size of the embryo, is an independent parameter Muller, 1987, 2010) . Staging gives information on embryonic development additional to embryonic growth and is of importance in the understanding of abnormal embryogenesis. The stages were related to CRL, BVFV and EV, resulting in smaller prediction intervals in comparison to GA alone. However, it is important to remember that this staging system is based not only on morphological characteristics but also on histological ones that cannot be determined in the I-Space (O'Rahilly and Muller, 2010) . Secondly, we should remember that in-vitro verification was not possible in this study.
Low birthweight babies are at increased risk of perinatal and infant morbidity and mortality and of cardiovascular and metabolic diseases in later life (Kramer, 1987; Barker, 1990; Gluckman et al., 2008; Mook-Kanamori et al., 2010) . Whereas some studies have correlated delayed first trimester CRL growth with a low birthweight (Smith et al., 1998; Bukowski et al., 2007; Leung et al., 2008) , another study has not (Habayeb et al., 2010) . Antsaklis et al., (2011) concluded that the fetal volume correlates better with birthweight than the CRL between 11 + 0 and 13 + 6 weeks' GA. Neither the CRL nor the EV measured in our study between 6 and 12 weeks GA was associated with birthweight SDS. The SDS formulae used in this study are based on women living in Rotterdam that, given the normally distributed birthweight SDS, fit well with our population. There may be a power problem due to the limited number of measurements included. Almost 30% of women had a certain GA due to assisted reproductive therapy. An explanation may be that in the remaining patients, a relatively wide range (+7 gestational days) of variance in the CRL was accepted as dating was based on their LMP.
In case of the brain ventricle segmentation, a clear delineation between fluid and the tissue interface is needed to measure the BVFV. We performed off-line BVFV measurements on previously recorded 3D datasets. These datasets were collected without specifically targeting the brain ventricles, which may explain the low overall success rate. Unfortunately, lack of depth penetration (due to BMI or an intermediate position of the uterus), movements and acoustic shadows will also affect the visualization quality and negatively influence the measurement abilities. In gestational weeks 8 and 9, approximately 50% of the VR BVFV measurements are adversely affected by these factors, meaning that the highest quality images are obtained in this period. As the entire embryo was targeted during scanning, the resulting much larger volume makes it less sensitive to small movements and acoustic artifacts. For these reasons, the success rate for EV measurements was higher. When the measurements of the BVFV are performed after targeted scanning of the brain cavities, the success rate is expected to be higher.
We are aware of the fact that most other hospitals currently do not have access to VR equipment. A desktop version running the same software as the I-Space has now been developed and is being tested for routine clinical use at our department. This low-cost VR desktop system will become available in the near future and will enable other hospitals to obtain the most information from their 3D images, as we were able to do in our study.
In conclusion, the I-Space VR system and the V-Scope software enable us to measure EV and BVFV automatically and to observe the embryonic development in the first trimester by visualizing all three dimensions. This approach makes it possible to perform in-vivo staging of human embryos based on both internal and external morphological characteristics.
The next step in our research will be to study abnormal development of the embryo and early fetus in VR systematically. This will provide us with new insights into abnormal development in vivo, to assist in the early diagnosis of abnormal embryogenesis.
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